This study was conducted to compare two of the most widely used methods for the determination of the positional distribution of fatty acids within the triacylglycerol molecules from fats of animal origin. Method A involves incubation of the triacylglycerol fraction with an aqueous suspension of the lipase enzyme, separation of the reaction products by thin-layer chromatography (TLC), and analysis of fatty acid methyl esters by gas-liquid chromatography. Method B eliminates the need for TLC. This technique makes use of the fact that methanolic-NaOH methylates only fatty acids esterified to glycerol. Our results demonstrated that method A data were in line with previous literature. Additionally, method A showed good correlations between fatty acid positional distribution and fat melting point and hardness. However, method B showed an underestimation of palmitic acid and lacked correlation with selected physical properties.
INTRODUCTION
Triacylglycerols (TAGs) consist of a glycerol backbone to which three fatty acids (FAs) are esterified. The positions are numbered by a stereo-chemical numbering system: sn-1-, sn-2-and sn-3 (Figure 1 ). It is well known that natural TAGs exist in the form of a large number of distinct molecular species. The possible number of different TAGs (including enantiomers) in a mixture is n 3 , where n is the number of different FAs. Even considering a fat containing a limited number of FAs (low n); there would be a very large amount of different TAG molecules to analyze.
Quantitatively, the TAG fraction constitutes the most important lipid component in meat and meat products. Other minor fat constituents include phospholipids, free fatty acids, sterols (including cholesterol) and fat-soluble vitamins. Under normal circumstances, the human digestive system is able to digest TAGs and to absorb them with high efficiency (more than 95%). It has been proven that dietary FA composition and stereo-specific positioning of these FAs in TAG molecules are important factors in FA digestion and absorption (Mu and Hoy, 2004) . Besides that, the distribution of FAs within the TAG molecules also affects the physical properties of the adipose tissue. This fact has many technological implications in the processing of meats which are closely linked to the quality features of final products (Smith et al., 1998) . Recent studies have shown that the position of the FAs within the TAG molecule might affect the incidence of illnesses such as obesity, diabetes or hypertension (Ponnampalam et al., 2011; Gouk et al., 2013) in humans. Hunter (2001) reviewed how the stereo-specific structure of dietary TAGs may affect human lipid metabolism which implies their involvement in the progress of different cardiovascular diseases.
Although FA positional distribution is a topic of interest in fats from animal origin, little information exists on interventional studies aimed to alter this distribution. Moreover, marked differences due to diverse analytical methodologies exist, leading to erratic scientific information on this topic.
Several methods are used for TAG analysis. They can be divided into four categories: enzymatic hydrolysis, chemical, spectroscopic and spectrometric methods. The enzymatic approaches use lipases which specifically hydrolyze esterified FAs from the sn-1 and sn-3 positions of the TAG glycerol backbone (Figure 1 ) and are followed by the determination of the FA profile of the residual 2-monoacylglycerol (2-MAG) fraction and/or other resulting fractions like free fatty acids. The chemical method involves partial deacylation of the TAGs with a Grignard reagent (Becker et al., 1993) . Nuclear Magnetic Resonance (NMR) is the basic spectroscopic way to regiospecifically characterizes FAs (Redden et al., 1996) and HPLC coupled with mass spectrometry (Kuksis and Itabashi, 2005) is the fourth approach to determine the position of FAs into the TAG backbone. Every one of these four methods offers some advantages and disadvantages. The enzymatic methods are time consuming and they only inform about the FA profiles at the sn-2 and sn-1,3 positions, making it impossible to distinguish between TAG enantiomeric forms. However, the stereochemical distribution of fatty acids in triacylglycerols has been described by calculating the asymmetric α coefficient from the sn-2 fatty acid, and triacylglycerol composition of the oil (Martínez-Force et al., 2004) . This coefficient reflects the relative FIGURE 1. Schematic representation of TAG enzymatic lipolysis and its reaction products. TAG positions are defined by a 'stereo-specific numbering' (sn) system as sn-1, sn-2 and sn-3 where R 1 , R 2 , and R 3 represent saturated or unsaturated hydrocarbon chains. When TAGs are incubated with a specific lipase and an appropriate buffer, fatty acids are hydrolyzed from the primary positions leaving 2-monoacylglycerol molecules, which can be isolated for the determination of its fatty acid composition. Additionally, sn-1,2 and sn-2,3 diacylglycerols resulting from partial TAG lipolysis are also generated. (Brockerhoff, 1965) . This α coefficient reflects the relative content of fatty acids at the sn-1 and sn-3 positions. Nowadays, this task has been improved by the development of methods involving chiral chromatography (Christie, 1992) . On the other hand, enzymatic methods are relatively simple and non-expensive; additionally they do not need any special equipment. For these reasons the enzymatic methods are regularly used for the study of the positional distribution of FAs in TAG molecules. Two enzymatic procedures are extensively used for TAG molecule studies. One of the methods uses the lipase treatment followed by thin-layer chromatography (TLC) separation of the reaction products and by acid methylation of the 2-MAG fraction (Luddy et al., 1964) . The second method is faster and easier to use as it eliminates the separation of the fractions by the TLC used in the standard technique.
This second method makes use of two different methylation procedures. After lipase reaction, it is possible to determine the free fatty acids by comparing the FA contents of the two methylation reactions (Williams et al., 1995) . The objective of the present study is to compare these two procedures when analyzing pig fat samples.
MATERIALS AND METHODS

Materials
All solvents were purchased from Scharlab (Barcelona, Spain) and used as received. All other reagents were purchased by Sigma-Aldrich (Madrid, Spain) including: Tris/HCl buffer, lipase from porcine pancreas (Type II, 100-500 units/mg protein), lipase from Rhizopus arrhizus (lyophilized powder, ≥300 units/mg solid), primuline, silica gel TLC plates and sodium deoxycholate.
Experimental design
Pigs (Landrace × Large White (25% Pietrain)) were randomly selected at 80 kg body weight for the experiment. The pigs were fed a commercial diet containing 2.41 Mcal·kg −1 Net Energy, 162 g Crude Protein, 37 g·kg −1 Crude Ash. The source of dietary fat was lard (3.2%). The dietary fatty acid composition was 0.97% palmitic acid, 0.43% stearic acid, 1.64% oleic and and 0.95% linoleic acid. The calculated dietary FA composition was 0.97% (palmitic acid), 0.43% (stearic acid), 1.64% (oleic acid) and 0.95% (linoleic acid). Pigs were fed the commercial diet ad libitum for 32 days and then slaughtered at 110 (±2.98) kg of body weight. The right thigh from each pig was obtained by cutting (24 h after slaughter) and processed in a traditional manner for approximately 12 months to produce a dry-cured ham (Santos et al., 2008) , which were subsequently deboned. The subcutaneous fat at the level of the biceps femoris muscle was carefully taken from each dry-ham. The SF samples were stored at 4 °C until analysis. Samples were analyzed in the 1st week of storage.
Triacylglycerol purifi cation
The total lipids of the subcutaneous fat were extracted following Segura and López-Bote (2014) and Segura et al. (2015) protocols. The TAG fraction was purified (as Sayanova et al., 2012) by TLC using silica gel plates (0.25 mm thickness) that were developed using hexane: ethyl ether: acetic acid (75:25:1 by volume). The TLC plates were sprayed with a 0.05% solution of primuline in acetone: water (80:20 by volume) to identify the position of the TAG fraction on the plates. The TAG fraction was scraped off the plates and eluted from silica with hexane: ethyl ether (95:5 by volume).
Positional analysis of FAs in TAGs-Method A
A positional analysis of purified TAGs was performed as previously described by Luddy et al. (1964) and adapted by Mancha and Vazquez (1970) . Samples containing 10 mg TAGs were dried under nitrogen and re-suspended in 1 mL of 1 mM Tris/HCl (pH 8.0). Samples were sonicated for 60 sec to ensure complete emulsification of the lipid. Then 0.1 mL of 22% CaCl 2 and 0.25 mL of 0.1% deoxycolate were added. The samples were warmed at 40 °C for 30 sec. Fat hydrolysis started after the addition of 2 mg pancreatic lipase (Sigma-Aldrich). The samples were vortexed for 1-2 min. The reaction was stopped when approximately 60% of the TAGs were hydrolyzed by adding 0.5 mL of 6 N HCl (to prevent diacylglycerol isomerization). The total lipids were extracted three times with 1.5 mL diethyl ether, evaporated at 40 °C under nitrogen, and separated into lipid classes by TLC as above. The spots corresponding to 2-MAG and remaining TAGs were scraped off the plate and directly transmethylated for GC-FID analysis. The validity of the procedure was confirmed by comparing the FA composition of the intact TAG sample and those remaining after the partial hydrolysis (Martínez-Force et al., 2009) . The mean composition of FAs in the sn-1,3 positions was calculated using the composition of an aliquot of the initial TAGs and the formula:
Fatty acid methyl esters (FAMEs) were obtained from isolated lipids by heating the samples at 80 °C for 1 h in 3 mL of methanol: toluene: H 2 SO 4 (88:10:2 by volume) as in Garcés and Mancha, 1993 . After cooling, 1 mL of hexane was added and the samples were mixed. FAMEs were recovered from the upper phase. FAMEs were separated and quantified using a gas chromatograph (Agilent, HP 6890 Series GC System) equipped with a flame ionization detector. Separation was performed with a J&W GC Column, HP-Innowax Polyethylene Glycol (30 m×0.316 mm×0.25 μm). Nitrogen was used as a carrier gas. After injection at 170 °C, the oven temperature was raised to 210 °C at a rate 3.5 °C·min −1 , then to 250 °C at a rate of 7 °C·min −1 and held constant for 1 minute. The flame ionization was held at 250 °C. The split ratio was 1:40. FAME peaks were identified by comparing their retention times with those of authentic standards (Sigma-Aldrich, Madrid, Spain).
Positional analysis of FAs in TAGs -Method B
Extracted TAGs were digested with Rhizopus arrhizus lipase (Sigma-Aldrich, Spain) following the protocol of Williams et al. (1995) , as modified by Smith et al. (1998) . Lipids (2 μL) were added to 1 mL of buffer containing 1 mg·mL −1 Triton X-100, 0.05 M borate, 0.04 M Tris (pH 7.2). Samples were sonicated for 60 s to ensure a complete emulsification of the lipids. Onehalf of the suspension was transferred to a clean tube. Two hundred units of R. arrhizus lipase were added to the tube. The remaining portion of the suspension was analyzed without digestion. Both sets of tubes were incubated at 37 °C for 60 min. The reaction was terminated with 0.5 mL of 1 N acetic acid and 3 mL of chloroform:methanol (2:1 by volume). The lipids were extracted three times with chloroform:methanol and evaporated under N 2 . The complete digestion of TAGs was confirmed by TLC.
Lipase hydrolysis products were trans-methylated by incubating with 1 mL of 0.1 M NaOH in methanol for 30 min at 65 °C. After cooling, 1 mL of hexane was added and the samples were mixed. FAMEs were recovered from the upper phase, separated and quantified by GC as shown in 2.3 (see above). The NaOH/ methanol methylation procedure does not methylate non-esterified FAs. Therefore, the fatty acid compositions of the lipase-digested (recognized as FAs in sn-2 position) and undigested (FAs in total lipids) fractions were used to calculate the average composition of the FAs in the sn-1,3 positions (Smith et al., 1998) :
Average sn-1,3 % = (3×% FAs in total lipids) − (2×% FAs in sn-2 position)
Determination of melting Point
Triplicate subcutaneous fat samples were independently collected from each dry-cured ham. Samples were melted at 80 °C and 1 cm was drawn into capillary tubes while still warm. The capillary tubes containing the samples were stored at 4 °C overnight and then placed vertically in a chilled water bath. The temperature was gradually increased in the water bath (2 °C·min −1 ). The temperature at which the lipid began to move up the capillary tube was recorded (ISO 6321-2002) .
Texture profi le analysis
A texture profile analysis (TPA) was performed using a TA.XT2i SMS Stable Micro Systems Texture Analyzer (Stable Microsystems Ltd., Surrey, England) with the Texture Expert programmes. Textural tests of dry-cured ham subcutaneous fat were carried out in quadruplicate at about 22 °C. Briefly, four cylinders of 1.5 cm high and 1 cm wide were prepared from every sample. A slice of 1.5 cm of subcutaneous fat from the Biceps femoris level was cut and the cylinders were made using a stainless steel cutting cylindrical device made for that porpous. A double compression cycle test was performed with up to 50% compression of the original portion height using an aluminium cylinder probe of 2 cm in diameter. A time of 5 seconds was allowed to elapse between the two compression cycles. Force-time deformation curves were obtained with a 25 kg load cell applied at a cross-head speed of 2 mm·s −1 . Hardness (N), measured as the maximum force required to compress the sample, was quantified (Bourne, 1978) .
Statistical analysis.
Response data were evaluated using the General Linear Model (GLM) of SAS version 9.2 (SAS Inst. Inc., Cary, NC, 2009). The Pearson linear correlation matrix was carried out with the Proc Corr Pearson procedure contained in SAS.
RESULTS AND DISCUSSION
The firmness of the fatty tissue in pork meat is one of the most important criteria of meat quality (Enser, 1983) . The composition in saturated FAs principally dictates the melting point of a fat (firmness), with a highly saturated fat having a higher melting point (firmer) than an unsaturated fat. In this study, subcutaneous fat samples had and average slip point value of 29.9 (Table 1) . This value is in agreement with previous records published in the Codex Alimentarius (1999) and Silva et al. (2009) . Additionally, the hardness of these samples varied between 14.2 and 40.2 N, which is within the range of the values described by Herrero et al. (2007) in fermented sausages and Herrero et al. (2008) in cooked meat sausages, all of them high-fat meat products. Table 2 shows the average, standard deviation and range of main FAs in the TAG fraction from those samples, as well as the values for the sum of all saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). There were no remarkable differences between the subcutaneous TAG fractions which were to be evaluated using method A or B.
There is not a general agreement on the recommended methodology to assess the positional distribution of FAs within the TAGs in fats from animal origin (Smith et al., 1998; Perona and RuizGutierrez, 2004) . In table 2, the positional distributions of major FAs within TAG fractions are shown as obtained by the two different analytical methods under evaluation. Both methods start by the lipase digestion of the TAGs using lipases which are specific for the primary ester bond of acylglycerols (sn-1,3 specific). As a result, lipase hydrolysis mainly produces free fatty acids and 2-MAGs. Method A is based on the TLC separation of the hydrolysis products, followed by the acid trans-methylation of 2-MAG and initial TAG fractions. As TAG hydrolysis may not be completely random and as there may be some contamination from FAs liberated from position sn-2 following acyl migration to positions sn-1,3 (see isomerization in Figure 1 ), the free fatty acid released after lipase hydrolysis may be somewhat different from the composition originally present in the primary positions (sn-1,3) of the TAGs. Thus, the mean composition of each fatty acid in positions sn-1 and sn-3 was calculated from its proportion in the intact TAG and in position sn-2, using the relationship previously described by Luddy et al. (1964) 
(see Materials and Methods 2.3).
Method B is simpler and quicker than method A. This method is easier to use as it eliminates the TLC used in method A and it can be performed on smaller samples using less lipase. This method also starts by using a lipase that de-esterifies FAs from the sn-1,3 position. However, method B makes use of the fact that methanolic-NaOH methylates only FAs that are esterified to the glycerol backbone and converts free fatty acids to aqueously soluble sodium salts. After lipase treatment the difference between the fatty acid composition of the two methylation reactions (intact and lipase treated samples) is a quantitative measure of the fatty acids released by the enzyme. Therefore, the fatty acid composition of the lipase-digested and undigested (total) fractions are used to calculate the average composition of FAs at the sn-1,3 TAG positions as described by Smith et al. (1998) 
(see Materials and Methods 2.4).
These two analytical methods (A and B) were applied on TAG fractions obtained from dry-cured ham subcutaneous fat (Table 2) . Surprisingly, the fatty acid distributions obtained by both methods were significantly different. The fatty acid profile obtained with method A showed that palmitic acid (16:0) is mainly located in the sn-2 position of TAGs (43.2% of total FAs in sn-2 versus 15.4% of total FAs in sn-1,3), while a different saturated fatty acid, stearic acid (18:0), is mainly esterified at the external positions (sn-1,3) of the TAGs, as well as oleic acid (18:1n-9) and linoleic acid (18:2n-6). Similar distribution has been reported earlier in a variety of pig tissues. Fatty acids are not randomly esterified to the glycerol hydroxyl groups in animal fats. In the adipose tissue of pigs and in human milk the sn-2-position of TAGs is mostly occupied by SFA, mainly palmitic acid (Christie and Moore, 1970; Innis and Nelson, 2013) . Furthermore, this preference for the sn-2 position is used for species differentiation (Mottram et al., 2001; Szabo et al., 2007) . However, results obtained when using method B were completely different. Method B indicated that oleic acid is the major fatty acid at the sn-2 position in pork TAGs (average 47.5%) and more importantly, it showed that palmitic acid is preferentially esterified to positions sn-1,3. Similar results were obtained by King et al. (2004) who used the same methodology of analysis (Method B). Method B underestimates the concentration of palmitic acid in sn-2, which obviously affects the rest of the fatty acid evaluation. Method B essentially relies on two facts (1) that, the lipase digestion is ideal, and only a mixture of 2-MAGs and free fatty acids are obtained after lipolysis and (2) that a basic trans-methylation would lead to the correspondent FAMEs of exclusively the fatty acid components of the 2-MAGs. Although we have not completely elucidated the reasons for such underestimation, a likely explanation is that this method does not take into account the minority fractions resulting from the partial lipolysis (sn-1,2 DAGs and sn-2,3 DAGs) of the products from the sn-1,3 DAG isomerization and intact TAGs (non hydrolyzed) when FAs are methylated and mistakenly accounted for as fatty acids from 2-MAGs. It is likely that either under lipase digestion or under basic trans-methylation conditions, the translocation of FAs from sn-2 to external positions could be facilitated, as earlier described by Mattson and Volpenhein (1961) . This translocation would diminish the concentration of palmitic acid in the sn-2 position of TAGs which ultimately would underestimate the real value of the whole FAs occurrence in the internal (sn-2) position.
As a further step, we aimed to optimize a method for predicting the melting point of a pig fat. Wood et al. (1978) attributed the content in stearic acid as the best predictor of melting point and Lea et al. (1970) considered the relationship between MUFA and SFA the best index. In general, higher proportions of stearic acid and lower proportions of linoleic acid led to a harder fat. Hugo and Roodt (2007) reviewed the significance of porcine fat quality and reported that both linoleic acid and palmitic acid are important in terms of firmness. López-Bote et al. (2002) found that an increase in dietary SFA entailed a rise in fat firmness. Isabel et al. (2003) and Hallenstvedt et al. (2012) revealed that changes in dietary fat, specifically in PUFA, MUFA and SFA levels, had a direct effect on shoulder fat firmness. Smith et al. (1998) and King et al. (2004) analyzed the effect caused by changes in dietary fat on the positional distribution of FAs in TAGs and they related some of such observed changes with variations in adipose tissue melting points. They reported that palmitic acid and stearic acid accumulated in sn-1,3 positions increased the slip and melting points in bovine adipose tissue.
In Table 3 , a Person matrix linear correlation of melting point and hardness against the main FAs resulted from both methods is shown. The results indicate that the fatty acid profiles of TAGs were not high-quality indicators of fat melting point or hardness, and that the content in palmitic acid was the best indicator for fat melting point and stearic acid was the best indicator for hardness.
The examination of both methods by themselves, with no more variability sources other than the intrinsic biological variation of the samples, was able to establish similar relationships between melting point and hardness and main FAs to those already reported by recently cited authors. Method A led to correlations between the fat melting point and oleic acid, total MUFA, internal TAG (sn-2) position contents, or the palmitic acid content at the external positions. However, Method B results only showed one positive and significant correlation: the palmitic acid content at the sn-1,3 position and the fat melting point. Regarding hardness, it seems that the sn-2 fatty acids in TAGs are not good indicators (for both methods). However, stearic and total SFA contents in the sn-1,3 TAG positions showed a positive correlation with hardness when TAGs were analyzed by method A but not when method B was used. In fact, none of the contents of FAs in TAGs from internal or external positions analyzed by method B showed any significant correlation with hardness values.
From our point of view, it is clear that method B underestimates the proportion of palmitic acid in the sn-2 position of TAGs from pork fat samples. For that reason, it was not possible to get any highquality correlation of the fatty acids with the fat melting point or hardness when this method was used.
CONCLUSIONS
After the comparison of two commonly used methods for the determination of the positional distribution of fatty acids within triacylglycerols obtained from subcutaneous fat samples it was found that method A (based in TLC followed by acid trans-methylation of 2-monoacylglycerol products of a previous lipase digestion and of intact triacylglycerols) led to results which are in line with the most recent findings in the literature. Additionally, this method's results showed positive correlations between the positional distribution of FA and the physical properties of subcutaneous fat. Method B was founded on the fact that a basic trans-methylation would only methylate fatty acids esterified to glycerol molecules, and this method led to entirely different results which were lacking correlation with selected physical fat properties. We concluded that these inexact results were likely due to an underestimation of sn-2 palmitic acid concentration by method B. 
